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Background. Clinical data suggest that enteral nutrition (EN) effectively decreases disease activity and maintains remission in
patients with inflammatory bowel disease (IBD). However, the modulatory effects of EN on the intestinal mucosal immune
system remain unclear. Aims. This study first aimed at comparing the therapeutic effects of three EN formulas on ameliorating
dextran sulfate sodium- (DSS-) induced chronic colitis; with the most effective formula, we then examined its influence on the
mucosal inflammatory response and epithelial barrier function. Methods. The effect of EN formulas on colitis in mice was
assessed by body weight, disease activity index scores, colon length, and H&E staining for pathological examination. Colonic
and circulating cytokine expression levels and the frequencies of immune cells were also analyzed. Intestinal epithelial barrier
function was evaluated by detecting tight junction proteins. Results. We found that among the three EN formulas, an elemental
diet (ED) containing enriched amino acids restored the colitis-related reduction in body weight better than the other two EN
formulas. ED amino acids suppressed the release of colonic proinflammatory mediators and maintained the expression of tight
junction proteins in these mice. ED amino acid treatment mitigated the colitis-induced increase in CD103"CD11b"* dendritic
cells and CD4" and CD8" T cells and inhibited the predominant Th1/Th17 responses particularly in the colonic mucosal lamina
propria of mice with colitis. Conclusions. We showed that ED amino acids can be an effective immunomodulatory agent to
reduce colitis-related inflammation by inhibiting proinflammatory mediators and Th1/Th17 cell responses and by repairing the
disrupted epithelial barrier.

1. Introduction

Nutritional disturbances represent a frequent manifestation
in inflammatory bowel disease (IBD) patients, especially
those with Crohn’s disease (CD) [1]. There is increasing evi-
dence that dietary factors might play a role in the pathogen-
esis of IBD, and especially CD [2]. Moreover, enteral
nutrition (EN) has successfully been used as a nutritional
therapy for patients with CD. EN remains of interest for
patients presenting with malnutrition, those who failed with

other therapeutics, patients with complications, or selected
patients on long-term maintenance therapy with fewer side
effects [3-5]. It has also been used as a first-line therapy for
pediatric patients with CD [6] and was shown to induce clin-
ical remission and mucosal healing and improve body com-
position in patients with CD [7-9].

These data suggested that EN effectively decreases disease
activity and maintains remission in patients with IBD, but
the potential mechanism is multifactorial, generally due to
its anti-inflammatory effects and regulation of the intestinal
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TaBLE 1: A comparison of three different EN formulas.
Name Nitrosen source Fat Protein Carbohydrate
8 (g/100kecal)  (g/100 kcal) (g/100 keal)
Enteral nutritional powder (AA) 17 amino acids 0.17 4.7 21.14
Enteral nutritional suspension (SP) Whey protein hydrolysates 1.7 4.0 17.6
Enteral nutritional powder (TP) Casein-calcium, casein-sodium, soybean protein 3.53 3.53 13.5

microflora [1]. However, few studies have addressed the reg-
ulatory effects of EN on adaptive and innate immune cell
profiles in the immunomicroenvironment of colitis.

It has been previously reported that EN reduces inflam-
mation in murine IL-107"" cell transfer colitis models [10].
However, the anti-inflammatory effect of different EN for-
mulas in a chronic colitis model remains unclear. In the treat-
ment of IBD, three different types of EN formulas are
commonly used, including an elemental diet (ED) containing
enriched amino acids, a semielemental formula containing
short peptides, and a polymeric formula diet containing
intact protein. Meanwhile, studies comparing different EN
treatments have obtained conflicting results. An earlier study
showed a significantly higher remission rate in acute CD
patients treated with ED amino acids than in patients receiv-
ing a polymeric diet (75% vs. 36%, p < 0.03) [11]. But later
observation found that elemental and polymeric diets were
equally effective [12]. It was speculated that the nitrogen
source and fat content might be relevant to the therapeutic
efficacy of EN. However, recent comprehensive studies pro-
viding open comparisons of the therapeutic efficacy of these
different EN formulas are still lacking.

In the present study, we aimed to examine whether these
three EN formulas could ameliorate disease activity in mice
with chronic colitis induced by dextran sulfate sodium
(DSS) and to compare their therapeutic efficacy. Next, with
the most effective EN formula, we further investigated its reg-
ulatory effects on immune cell and inflammatory cytokine
profiles, as well as intestinal epithelial barrier function, to
explore its potential immunological mechanism of action.

2. Materials and Methods

2.1. Mice and Disease Model. All experiments were approved
by the Institutional Animal Care and Use Committee of
Tongji Medical College, Huazhong University of Science
and Technology, Wuhan, China (52257). Additionally, the
study was performed in accordance with institutional guide-
lines. Male C57BL/6 mice, 10 weeks of age, were obtained
from HFK Bioscience (Beijing, China). The mice were
housed in a specific pathogen-free facility at the Experimen-
tal Animal Center. They were given a standard chow diet and
tap water ad libitum. Experimental chronic colitis was
induced by an oral administration of water containing 2%
(wt/vol) dextran sodium sulfate (DSS, MP Biomedicals, Ill-
kirch, France) for three cycles (5 days with 2% DSS and 4
days of water). The control and colitis groups of mice were
allowed free access to food and water or DSS solution. The
mice in the three colitis groups received three different exclu-
sive enteral nutrition formulas (n =10 per group) daily

beginning on the 24 day, and all the mice were sacrificed
on day 42. All exclusive enteral nutrition diets were isocaloric
and equivalent concentrations (every mouse received 20 kcal
per day). The exclusive enteral nutrition formulas are as fol-
lows: Enteral Nutritional Powder (AA), an amino acid-
enriched elemental diet (Wanhe Pharmaceutical Co., Ltd.,
Shenzhen, China); Enteral Nutritional Suspension (SP), a
semielemental formula containing short peptides (Nutricia
Pharmaceutical Co., Ltd., Wuxi, China); and Enteral Nutri-
tional Powder (TP), a polymeric formula diet containing
intact protein (Abbott Lab., Zwolle, Netherlands). A compar-
ison of three different EN formulas are listed in Table 1, and
the composition of the different formulas are listed in
Table S1. Disease activity index (DAI) scores were assessed
by combining the scores of weight loss, stool consistency,
and bleeding [13]. At the end of the experiment, all mice
were euthanized, and their colons were collected and
photographed.

2.2. Hematoxylin-Eosin (H&E) Staining. The medial colon
tissues were fixed in 10% buffered formalin overnight and
embedded in paraffin. The tissue sections (5um) were
stained with H&E and examined by light microscopy.

2.3. Isolation of Cells. Mouse splenic mononuclear cells
(MNCs), mesenteric lymph nodes (MLNs), and lamina pro-
pria mononuclear cells (LPMCs) were isolated as previously
reported [14]. To isolate LPMCs, in brief, the colonic tissues
were flushed and cut into small pieces, followed by washing
with 1mM DTT in Hanks’ balanced salt solution at 37°C
for 20 min. To remove the epithelium, the pieces were incu-
bated in 1.3mM EDTA Hank’s balanced salt solution at
37°C for 30 min. To isolate LPMCs, the remaining colonic tis-
sue pieces were digested with 0.1 mg/mL Collagenase D
(Roche Applied Science, Basel, Switzerland) in serum-free
Iscove’s modified Dulbecco’s medium at 37°C for 1 h and fil-
tered through a cell strainer, which was followed by centrifu-
gation. Subsequently, the LPMCs were enriched by 40%/70%
Percoll gradient centrifugation, and the cells at the interface
were harvested for further experiments.

2.4. Reagents and Flow Cytometric Analysis. Mouse MNCs
were stained with the following fluorescence-conjugated
surface mAbs: anti-CD3-FITC, anti-CD4-APC, anti-CD8-
PE-cy7, anti-NK1.1-PE, anti-CD11b-APC-cy7, anti-CD103-
BV421, anti-CD11¢-BV510, and anti-CD25-APC antibodies
(BD PharMingen, USA). The cells were stained according
to the standard procedure of BD PharMingen. Fixation and
permeabilization were performed using the Transcription
Factor Buffer Set (BD PharMingen, USA), and the cells were
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then stained with the anti-FoxP3-BV421 intracellular anti-
bodies for 40 min at 4°C. To detect Th1 and Th17 cytokines,
MNCs suspended in RPMI 1640 medium supplemented
with 10% fetal bovine serum were stimulated with a cell
stimulation cocktail (eBioscience, USA) containing phor-
bol-12-myristate-13-acetate (PMA, 50ng/mL), ionomycin
(1 pg/mL), and monensin (2 ug/mL) at 37°C with 5% CO,
for 6h, and followed by intracellular staining with fluores-
cently labeled anti-IFN-y and anti-IL-17 antibodies (BioLe-
gend, USA) after washing, fixing, and permeabilizing
according to the manufacturer’s instructions. Isotype IgGs
were used as a control. All samples were detected using a
BD LSR Fortessa X-20 Flow Cytometry System (BD, USA)
and analyzed using the Flow]Jo software.

2.5. Quantitative Real-Time PCR. Total RNA was extracted
from mouse colonic tissue samples using TRIzol reagent
(Takara, Shiga, Japan) and then transcribed into cDNA using
the ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan).
The levels of target gene mRNA transcripts relative to
the control GAPDH were determined by quantitative RT-
PCR analyses on a Roche Light Cycler 480 System using
SYBR Green Real-Time PCR Master Mix (Toyobo) and
specific primers. The data were analyzed using the 2744
method. The primers used are as follows: IL-1, forward
5'-CTTCAGGCAGGCAGTATCACTC-3' and reverse 5'
-TGCAGTTGTCTAATGGGAACGT-3'; TNF-a, forward
5'-CATCTTCTCAAAATTCGAGTGACAA-3' and reverse
5 -TGGGAGTAGACAAGGTACAACCC-3'; IFN-y for-
ward 5 -CAGGTGTGATTCAATGACGCT-3' and reverse
5'-AACTCAAGTGGCATAGATGTGGA-3'; IL-17 forward
5'-CCTCAGACTACCTCAACCGTTC-3" and reverse 5'-CT
CTTCAGGACCAGGATCTCTT-3'; TGEp, forward 5'-GA
CCGCAACAACGCCATCTAT-3" and reverse 5'-GACAGC
CACTCAGGCGTATCAG-3'; IL-10, forward 5'-GGACAA
CATACTGCTAACCGAC-3' and reverse 5 -CATGGCCTT
GTAGACACCTTG-3; and GAPDH, forward 5'-CGGATT
TGGTCGTATTGGG-3' and reverse 5'-CTCGCTCCTGG
AAGATGG-3'.

2.6. Immunofluorescence. The paraffin-embedded mouse
colon sections (4 ym) were deparaffinized and stained with
primary polyclonal antibodies including anti-rabbit clau-
din-1, anti-rabbit occludin, and anti-rabbit ZO-1 (all 1:100
dilution, Invitrogen, USA) overnight at 4°C, which was
followed by secondary staining with Alexa Flour 488 don-
key anti-rabbit IgG and then examination under a laser
confocal microscopy.

2.7. Cytokines Analysis. Serum samples were prepared for the
quantification of interferon-y (IFN-y), interleukin-2 (IL-2),
interleukin-4 (IL-4), interleukin-6 (IL-6), interleukin-10
(IL-10), interleukin-17A (IL-17A), and tumor necrosis fac-
tor-o (TNF-a) cytokines. Serum samples were analyzed by
flow cytometry using the Cytometric Bead Array (CBA)
mouse Th1/Th2/Th17 cytokine kit (BD Biosciences, San
Jose, USA) according to the manufacturer’s instructions.

Data were formatted and further analyzed using the BD
CBA software.

2.8. Statistical Analysis. Statistical analyses were per-
formed using the SPSS version 17.0 and GraphPad Prism
version 5.0. The differences between the two groups were
analyzed by performing unpaired Student’s t-tests. Differ-
ences among multiple groups were analyzed by one-way
analysis of variance (ANOVA). Data are expressed as
the means+SEM. p<0.05 was considered statistically
significant.

3. Results

3.1. An Elemental Diet Enriched in Amino Acids Ameliorates
DSS-Induced Chronic Colitis. After we established a chronic
colitis mice model through three cycles of 2% DSS induc-
tion, EN amino acids, short peptides, and intact proteins
were applied to study their therapeutic effects. Mice with
colitis developed severe diarrhea, body weight loss
(Figure 1(a)), and bloody stools. A significant reduction in
colon length (Figure 1(b)) and an increase in DAI scores
(Figure 1(c)) were observed in mice with colitis when com-
pared to those in the control group. H&E staining showed
architectural derangements, epithelial necrosis, and diffuse
lymphocytic infiltration in the colon of colitis mice
(Figure 1(d)). However, the three different ENs resulted in
the obvious suppression of colitis severity, including signif-
icant reversals in body weight loss and colon length reduc-
tion, reduced DAI scores, and decreased lymphocytic
infiltration in the colon (Figures 1(a)-1(d)). Between the
three EN formulas used to treat colitis mice, although no
significant differences were observed in the reversion of
colon length reductions or in the degree of reductions in
DALI scores, the restoration of body weight by ED amino
acids was significantly enhanced compared to that with
EN enriched in short peptides and intact proteins. The
mice’s body weight improvement started on day 28 for
ED amino acids treatment group, but for the other two
treatment groups, the mice’s body weight did not improve
until day 38. Therefore, with the most effective formula,
we then investigated the potential anti-inflammatory mech-
anism of ED amino acids underlying the therapeutic effects
on inducible colitis.

3.2. An Elemental Diet Enriched in Amino Acids Suppresses
Proinflammatory Cytokines in the Colon. First, we found that
the colonic mRNA expression levels of the proinflammatory
mediators IL-1f, IFN-y, IL-17A, and TNF-a, which had been
confirmed to be involved in IBD, were upregulated notably in
colitis mice compared to levels in normal controls
(Figure 2(a)). Meanwhile, the expression levels of TGFf
mRNA, encoding an important cytokine that suppresses
inflammation, were reduced dramatically in colitis mice
compared to those in the control group (Figure 2(b)). Fur-
thermore, treatment with ED amino acids was only found
to downregulate these upregulated genes, namely IL-1f5,
IEN-y, IL-17A, and TNF-« but had no impact on TGFf and
IL-10 mRNA transcripts in the intestinal tissues
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FIGURE 1: An elemental diet enriched in amino acids ameliorates dextran sulfate sodium- (DSS-) induced chronic colitis. (a) The body weights
(g) of individual groups of mice (1 = 10 per group). (b) Colon length (cm). (c) Disease activity index (DAI) scores. (d) Pathological changes in
the colons (H&E staining, magnification, x200). Data are representative images or expressed as the mean + SEM of each group from three

separate experiments, *p < 0.05, **p < 0.01, #** p <0.001.

(Figures 2(a) and 2(b)). In conclusion, ED amino acids
resulted in predominant resistance to the release of inflam-
matory cytokines in the colon.

Additionally, to determine the influence of ED amino
acid treatment on inflammation in the peripheral circulation,
the protein levels of several cytokines were measured in the
serum from each group using a CBA Mouse Th1/Th2/Th17
Cytokine Kit. DSS treatment elevated the levels of IL-6 and
reduced IL-2 and IFN-y levels but had no effect on IL-17A
and TNF-a (Figure 2(c)). DSS treatment also decreased the
basal level of the anti-inflammatory meditators IL-10 and
IL-4 (Figure 2(c)). However, the treatment of colitis mice
with ED amino acids effectively eliminated the DSS-
mediated increase in IL-6 and reduction in IL-10 protein
levels in the serum. ED amino acids also resulted in an
increase in IFN-y, TNF-a, and IL-17A levels but had no effect
on IL-2 and IL-4 levels in colitis mice. Overall, ED amino
acids exerted a bidirectional regulatory effect on proinflam-
matory and anti-inflammatory cytokine release in the
peripheral circulation.

3.3. An Elemental Diet Enriched in Amino Acids Affects the
Accumulation of Intestinal Lamina Propria Dendritic Cells
in Chronic Colitis Mice. It has been reported that IFN regula-
tory factor 4- (IRF4-) dependent CD103*CD11b" dendritic

cells (DCs) have a role in the generation of intestinal T helper
17 (Th17) cells, and evidence was provided that CD103*
CD11b" DCs are important for Th17 cell differentiation in
the intestinal draining MLN [15]. In addition, natural killer
cells (NK) are the main component of innate immunity,
but whether ED amino acids have a regulatory role in NK
cells and DC cells in a chronic colitis model is not clearly
understood. We next evaluated the effects of ED amino acids
on the CD103"CD11b" DC and CD3™ NK1.1* NK cells by
flow cytometry.

We found that the frequency of CD11C*CD103*CD11b*
DC cells was significantly increased in LPMCs but was dra-
matically reduced in the spleen and MLN in colitis mice
when compared to those in normal controls (Figures 3(a)
and 3(b)). As one of our major findings, ED amino acid
administration led to a significant decrease in the migration
of CD103*CD11b" DCs into the colon lamina propria (LP)
of colitis mice (Figure 3(b)). Moreover, ED amino acid
administration was able to affect the migration of LP
CD103"CD11b" DCs, which are responsible for Th17 cell
differentiation in the intestine, further indicating that ED
amino acids might have an effect on the Th17 response dur-
ing intestinal mucosal immunity. However, no statistical dif-
ferences in NK cells among different organs of control,
colitis, and treated groups were found (Figures 3(c) and
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3(d)). This suggested that NK cells might not be the predom-  3.4. An Elemental Diet Enriched in Amino Acids Inhibits the
inant cell that contributes to the pathological destruction of ~ Predominant Th1/Thl7 Responses in the Colon of Colitis-
the colon in DSS-induced chronic colitis. Bearing Mice. To further assess the effects of ED amino acids
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FIGURE 4: An elemental diet enriched in amino acids inhibits the predominant Th1/Th17 responses in the colon of colitis-bearing mice. Flow
cytometric analysis of CD3"CD4" T (a), CD3"CD8" T (b), CD4" IFN-y* Th1 (c), and CD4" IL17A" Th17 cells (d) in the spleen, mesenteric
lymph node (MLNs), and lamina propria mononuclear cells (LPMCs) from individual groups of mice were calculated. CD4*CD25"FoxP3"
Treg (e) frequency in CD4" T cells was examined. Representative flow cytometric dot plots (left) and percentages of positive cells (right) are
depicted (n =5 per group). Data are representative images or expressed as the mean + SEM of each group from three separate experiments.

*p <0.05, xxp <0.01, x* p<0.001.

on the Th1/Th17/regulatory T (Treg) cell profile, we charac-
terized the frequency of different subsets of T cells by flow
cytometry. In comparison to that in the control mice, a
significantly lower frequency of splenic and MLN CD4"
and CD8" cells and Tregs, as well as splenic Th1 cells, was
detected in the colitis group (Figures 4(a), 4(b), 4(c), and
4(e)). Further, a significantly increased frequency of CD4",
CD8" T, CD4" IFN-y" Thl, and CD4" IL17" Th17 cells,
but decreased Tregs, were detected in the colon mucosal LP
of the colitis group (Figures 4(a)-4(e)), indicating that
CD4*, CD8", Thl, and Thl17 cells infiltrate into the LP of
the colon during the process of chronic colitis. As we found,
DSS application affected the cellular composition of the
colon environment. Interestingly, treatment with ED amino
acids significantly eliminated the colitis-mediated increase
in the frequency of CD4", CD8", Th1, and Th17 cells in the
colon mucosal LP of mice (Figures 4(a)-4(d)). However,
ED amino acid application was unable to restore the fre-
quency of Tregs in the colitis mice (Figure 4(e)), and these
cells play a key role in the maintenance of immune homeo-
stasis to prevent IBD [16, 17]. Our novel findings indicated
that ED amino acids have a potential regulatory effect on
Th1 and Th17 responses in this model.

3.5. An Elemental Diet Enriched in Amino Acids Prevents
Colonic Epithelial Barrier Dysfunction Induced by DSS,
Maintaining the Expression of Tight Junction Proteins. We
next investigated whether ED amino acids have an effect on
intestinal permeability by detecting the expression levels of
three major tight junction proteins. Immunofluorescence
analysis of claudin-1, occludin, and ZO-1 showed ample
staining in the membrane, which was found mainly between
epithelial cells of normal control mouse colons (Figure 5).
We found that occludin, ZO-1, and claudin-1 expression
levels in the colon were significantly reduced in colitis mice,
and especially claudin-1. Interestingly, treatment with ED
amino acids markedly decreased epithelial architectural
derangements and restored the expression of occludin, ZO-

1, and claudin-1 protein levels in colitis mice (Figure 5).
Together, ED amino acids have a protective effect, repairing
the disrupted barrier function.

4. Discussion

Recently, several probable mechanisms underlying the use of
EN for IBD therapy were proposed. It was suggested that EN
could decrease hypermetabolism in active CD patients [18].
Further, EN was found to ameliorate mesenteric fat alter-
ations in adult CD by restoring adipocyte morphology
and diminishing the inflammatory environment of mesen-
teric fat [19]. Moreover, EN changes the intestinal microbi-
ota in IL-107" cell-transferred colitis mice, and especially
the lactic acid bacteria composition [20]. Modification of
the microbiota by EN might be responsible for the inhibi-
tion of colitis. However, whether it manages the disordered
mucosal immune response during the process of colitis is
not clearly understood.

In the present study, we employed a mouse model of
DSS-induced chronic colitis to investigate the therapeutic
effect of EN on disease severity, the cellular composition of
the colon environment, and epithelial barrier functions. First,
we demonstrated that three EN formulas effectively attenu-
ated colitis severity and mucosal lesions in experimental
chronic colitis mice, consistent with previous reports [10,
21]. Interestingly, we found that ED amino acids restored
the body weight reductions better than the other two EN for-
mulas. Among the three EN formulas, amino acid-based ED
has the lowest fat content (0.17 g/100 kcal vs. 3.53 g/100 kcal
vs. 1.70g/100kcal, Table 1). Fat can cause intestinal peri-
stalsis; therefore, it is believed that low-fat diets are benefi-
cial for IBD patients, based on their ability to keep the
intestinal tract still. It was proposed that the fat content
and fat composition of EN are responsible for their thera-
peutic effect in active CD patients [22]. Moreover, Bamba
et al. reported that active CD patients receiving the low-
fat diet are associated with the highest remission rate. In
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FIGURE 5: An elemental diet enriched in amino acids prevents colonic epithelial barrier dysfunction induced by dextran sulfate sodium (DSS),
maintaining the expression of tight junction proteins. Immunofluorescence staining of claudin-1, occludin, and ZO-1 in the intestinal tissues
from different groups of mice with positive expression (green) determined by confocal microscopy. Cell nuclei were stained with DAPI (blue).

Scale bar, 100 ym.

contrast, when the fat content consisted of a high amount
of long-chain triglycerides, the therapeutic effect against
active CD decreased [23]. In the case of exclusive enteral
nutrition, only ED amino acid formulas can provide a low-
fat diet at lower than 20 g/day. Therefore, it is reasonable to
assume that the outstanding anti-inflammatory effect of ED
amino acids might be due to the low fat content.

Although a previous study by Souza et al. revealed that
the consumption of amino acid diets can exacerbate experi-
mental colitis [24], clinical outcomes suggest the opposite.
Exclusive enteral nutrition with ED amino acids has been
used extensively for the application of IBD therapy, and this
has been proven effective in achieving and maintaining
remission [25, 26]. During an inflammatory flare, IBD
patients are at a high risk of nutrient depletion, and this is
particularly true for children [27]. An improvement in mal-
nutrition in IBD patients was observed after ED amino acid
treatment [28]. In addition, the amino acid composition of
ED is considered hypoallergenic [12], and some amino
acids such as histidine, tryptophan, methionine, glutamine,
cysteine, and arginine have beneficial effects [29]. Dietary
interventions with specific amino acids in IBD can reduce
inflammation, oxidative stress, and apoptosis in the gut,
which is responsible for their anti-inflammatory activity,
as reviewed by Zhang et al. [30]. Moreover, Faure et al.
reported that intestinal tissue repair processes increase the
host’s need for specific nutrients, and diets supplemented
with specific amino acids containing L-threonine, L-serine,
L-proline, and L-cysteine strongly stimulate mucin synthe-
sis in DSS-treated rats, suggesting the replenishment of
mucins in the damaged mucosa [31]. Thus, increasing spe-
cific amino acid supplementation might affect epithelial
protection and repair.

Next, the regulatory effects of ED amino acids on
immune cell profiles in the local microenvironment were

investigated. Although the pathogenic process of IBD is
unclear, an imbalance in proinflammatory and regulatory
CD4" T cell responses and damage to the epithelial barrier,
which is the first-line defense of the mucosal immune sys-
tem, are crucial for the development and progression of
IBD [16, 32-34]. As a result, we subsequently analyzed
the cellular composition of the colon environment (includ-
ing CD103"CD11b" DC, CD3" NK1.1* NK, CD4", and
CD8" T cells) and found the significant infiltration of
CD4" and CD8" T cells and the migration of DC cells
into the colon LP of colitis mice. Interestingly, ED amino
acids can reduce DC and CD4" and CD8" T cell accumula-
tion, which is accompanied by the resolution of inflamma-
tion. More importantly, predominant Thl and Thl7
responses present as colitis-related abundant CD4" IFN-y*
Thl and CD4" IL17" Thl7 cells that infiltrate into the
colon mucosa LP, and colitis-mediated upregulated IFN-y
and IL-17A mRNA transcripts in the intestinal tissues
were found in colitis mice. Encouraging results also indi-
cated that ED amino acids effectively inhibit the predom-
inant Th1/Th17 responses by downregulating Thl and
Th17 cells and colonic IFN-y and IL-17A mRNA tran-
scripts. Such results provided supporting data to explain
how EN regulates cytokines and the immune response dis-
orders, which might reflect one aspect of the mucosal
immune microenvironment in IBD.

In the current study, ED amino acids were deemed more
effective with respect to their anti-inflammatory actions,
rather than the restoration of immune homeostasis. ED
amino acids reduced LPMC CD4*, CD8"* T cells, DC cells,
and Th1 and Th17 cells and reduced the mRNAs transcripts
of colonic upregulated proinflammatory cytokines in colitis
mice but had no effect on the reduction of Treg frequency
and the anti-inflammatory, colonic cytokine mRNA tran-
scripts. ED amino acids reduced the colitis-mediated
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upregulation of LPMC CD103"CD11b* DCs, which are
responsible for Th17 cell differentiation in the intestine
[15], further indicating that ED amino acids might have an
effect on innate and adaptive immune responses in the colon.
However, it remains unclear whether ED amino acids only
contributed to the reduction of CD103"CD11b" DC cell-
derived, mucosal Th17 cell differentiation or whether ED
amino acids were simultaneously directly responsible for
suppressing Th17 cell quantity. Because of the complex com-
position of EN, in vitro studies to clarify and differentiate its
effect on immune cells are difficult to implement. Overall, we
provide evidence to further support the outstanding anti-
inflammatory effects of ED amino acids, which are not only
due to the low fat content or amino acid composition, for
the application to IBD.

Patients with IBD display increased intestinal epithelial
permeability and disrupted barrier function [35]. In addition,
correcting the epithelial barrier defect in IL-10~" mice is
beneficial to attenuate colitis [36]. Cytokines including IL-6,
IL-1p, IFN-y, and TNF-a promote disruption of the intesti-
nal tight junctions [37], resulting in increased mucosal per-
meability and a vicious cycle of reactivation of the local
inflammatory response [38, 39]. The intestinal epithelial bar-
rier function relies on selective permeability, which depends
on tight junctions [40]. Interestingly, we found that colitis
results in the upregulation of IL-1f, IFN-y, and TNF-«
mRNA transcripts and the reduced expression of tight junc-
tion proteins. In this context, ED amino acids can prevent the
reduction in tight junction protein expression; this effect
might be partly due to the predominant inflammation-
inhibiting action that occurs by reducing the generation of
inflammatory mediators.

5. Conclusions

In conclusion, our data indicated that treatment with ED
amino acids significantly mitigates DSS-induced colitis and
improves mucosal lesions, maintaining the expression of tight
junction proteins, suppressing the release of colonic proin-
flammatory mediators, and resulting in the bidirectional regu-
lation of proinflammatory and anti-inflammatory cytokine
release in the peripheral circulation and the suppression of
Th1/Th17 responses. Our findings provide new evidence to
support the outstanding anti-inflammatory effects of ED
amino acids in a mouse model of colitis.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

All authors declare no conflicts of interest.

Authors’ Contributions

Di Guo and Jun Yang contributed equally to this work.

Journal of Immunology Research

Acknowledgments

This work is supported by the National Natural Founda-
tion Project of China (No. 81873558 and No. 81700490)
and National Key Research and Development Program of
China (No. 2018YFC0114604). We thank Troy Gharibani
at the University of Maryland, USA, for editing and
providing feedback for this manuscript.

Supplementary Materials

Table SI: the composition of three different EN formulas.
(Supplementary Materials)

References

[1] J. K. Triantafillidis, C. Vagianos, and A. E. Papalois, “The role
of enteral nutrition in patients with inflammatory bowel dis-
ease: current aspects,” BioMed Research International,
vol. 2015, Article ID 197167, 12 pages, 2015.

C. Sarbagili-Shabat, R. Sigall-Boneh, and A. Levine, “Nutri-

tional therapy in inflammatory bowel disease,” Current Opin-

ion in Gastroenterology, vol. 31, no. 4, pp. 303-308, 2015.

[3] B. Dupont, C. Dupont, A.-M. Justum, M.-A. Piquet, and J.-
M. Reimund, “Enteral nutrition in adult Crohn's disease: pres-
ent status and perspectives,” Molecular Nutrition & Food
Research, vol. 52, no. 8, pp. 875-884, 2008.

[4] N.Heerasing, B. Thompson, P. Hendy et al., “Exclusive enteral
nutrition provides an effective bridge to safer interval elective
surgery for adults with Crohn's disease,” Alimentary Pharma-
cology & Therapeutics, vol. 45, no. 5, pp. 660-669, 2017.

[5] W. El-Matary, A. Otley, J. Critch, and A. M. Abou-Setta,
“Enteral feeding therapy for maintaining remission in Crohn's
disease: a systematic review,” Journal of Parenteral and Enteral
Nutrition, vol. 41, no. 4, pp. 550-561, 2017.

[6] F. M. Ruemmele, G. Veres, K. L. Kolho et al., “Consensus
guidelines of ECCO/ESPGHAN on the medical management
of pediatric Crohn's disease,” Journal of Crohn's & Colitis,
vol. 8, no. 10, pp- 1179-1207, 2014.

[7] D. Royall, G. R. Greenberg, J. P. Allard, J. P. Baker, and K. N.
Jeejeebhoy, “Total enteral nutrition support improves body
composition of patients with active Crohn's disease JPEN,”
Journal of Parenteral and Enteral Nutrition, vol. 19, pp. 95—
99, 2016.

[8] J. M. Fell, “Control of systemic and local inflammation with
transforming growth factor 8 containing formulas JPEN,”
Journal of Parenteral and Enteral Nutrition, vol. 29,
pp. S126-S133, 2016.

[9] K. Bannerjee, C. Camacho-Hiibner, K. Babinska et al., “Anti-
inflammatory and growth-stimulating effects precede nutri-
tional restitution during enteral feeding in Crohn disease,”
Journal of Pediatric Gastroenterology and Nutrition, vol. 38,
no. 3, pp. 270-275, 2004.

[10] A. Andou, T. Hisamatsu, S. Okamoto et al., “Dietary histidine
ameliorates murine colitis by inhibition of proinflammatory
cytokine production from macrophages,” Gastroenterology,
vol. 136, no. 2, pp. 564-574.€2, 2009.

[11] M. H. Giaffer, G. North, and C. D. Holdsworth, “Controlled
trial of polymeric versus elemental diet in treatment of active
Crohn's disease,” The Lancet, vol. 335, no. 8693, pp. 816-819,
1990.

2

—


http://downloads.hindawi.com/journals/jir/2020/9430763.f1.docx

Journal of Immunology Research

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

(21]

(22]

(23]

[24]

(25]

(26]

S. Verma, S. Brown, B. Kirkwood, and M. H. Giaffer, “Poly-
meric versus elemental diet as primary treatment in active
Crohn's disease: a randomized, double-blind trial,” The Amer-
ican Journal of Gastroenterology, vol. 95, no. 3, pp. 735-739,
2000.

H. S. Cooper, S. N. Murthy, R. S. Shah, and D. J. Sedergran,
“Clinicopathologic study of dextran sulfate sodium experi-
mental murine colitis,” Laboratory Investigation; a Journal of
Technical Methods and Pathology, vol. 69, no. 7, pp. 238-249,
1993.

A. R. B. M. Muzaki, P. Tetlak, J. Sheng et al., “Intestinal
CD103" CDI11b  dendritic cells restrain colitis via IFN-y-
induced anti-inflammatory response in epithelial cells,” Muco-
sal Immunology, vol. 9, pp. 336-351, 2016.

E. K. Persson, H. Uronen-Hansson, M. Semmrich et al., “IRF4
transcription-factor-dependent CD103(+)CD11b(+) dendritic
cells drive mucosal T helper 17 cell differentiation,” Immunity,
vol. 38, no. 5, pp. 958-969, 2013.

C. G. Mayne and C. B. Williams, “Induced and natural regula-
tory T cells in the development of inflammatory bowel dis-
ease,” Inflammatory Bowel Diseases, vol. 19, no. 8, pp. 1772-
1788, 2013.

D. Burzyn, C. Benoist, and D. Mathis, “Regulatory T cells in
nonlymphoid tissues,” Nature Immunology, vol. 14, no. 10,
pp. 1007-1013, 2013.

J. Zhao, J.-N. Dong, J.-F. Gong et al., “Impact of enteral nutri-
tion on energy metabolism in patients with Crohn's disease,”
World journal of Gastroenterology, vol. 21, no. 4, pp. 1299-
1304, 2015.

Y. Feng, Y. Li, S. Mei et al., “Exclusive enteral nutrition amelio-
rates mesenteric adipose tissue alterations in patients with
active Crohn's disease,” Clinical Nutrition, vol. 33, no. 5,
pp. 850-858, 2014.

T. Kajiura, T. Takeda, S. Sakata et al., “Change of intestinal
microbiota with elemental diet and its impact on therapeutic
effects in a murine model of chronic colitis,” Digestive Diseases
and Sciences, vol. 54, no. 9, pp. 1892-1900, 2009.

E. L. M. Vieira, A. J. Leonel, A. P. Sad et al., “Oral adminis-
tration of sodium butyrate attenuates inflammation and
mucosal lesion in experimental acute ulcerative colitis,” The
Journal of Nutritional Biochemistry, vol. 23, no. 5, pp. 430-
436, 2012.

M. A. Gassull, F. Fernandez-Banares, E. Cabre et al., “Fat com-
position may be a clue to explain the primary therapeutic effect
of enteral nutrition in Crohn's disease: results of a double blind
randomised multicentre European trial,” Gut, vol. 51, no. 2,
pp. 164-168, 2002.

T. Bamba, T. Shimoyama, M. Sasaki et al., “Dietary fat attenu-
ates the benefits of an elemental diet in active Crohn's disease:
a randomized, controlled trial,” European Journal of Gastroen-
terology & Hepatology, vol. 15, no. 2, pp. 151-157, 2003.

A. L. Souza, S. L. F. Aguiar, M. C. G. Miranda et al., “Con-
sumption of diet containing free amino acids exacerbates coli-
tis in mice,” Frontiers in Immunology, vol. 8, p. 1587, 2017.

A. Tsertsvadze, T. Gurung, R. Court, A. Clarke, and
P. Sutcliffe, “Clinical effectiveness and cost-effectiveness of ele-
mental nutrition for the maintenance of remission in Crohn's
disease: a systematic review and meta-analysis,” Health Tech-
nology Assessment, vol. 19, no. 26, pp. 1-138, 2015.

T. Ishige, T. Tomomasa, H. Tajiri, A. Yoden, and Japanese
Study Group for Pediatric Crohn's Disease, “Japanese physi-

(27]

(28]

(29]

(30]

(31]

(32]

(33]

[34]

(35]

(36]

(37]

(38]

(39]

(40]

11

cians' attitudes towards enteral nutrition treatment for pediat-
ric patients with Crohn's disease: a questionnaire survey,”
Intestinal Research, vol. 15, no. 3, pp. 345-351, 2017.

S. Vidal-Lletjés, M. Beaumont, D. Tomé, R. Benamouzig,
F. Blachier, and A. Lan, “Dietary protein and amino acid sup-
plementation in inflammatory bowel disease course: what
impact on the colonic mucosa?,” Nutrients, vol. 9, no. 3,
p. 310, 2017.

M. Nakano, K. Tominaga, A. Hoshino, T. Sugaya, K. Kanke,
and H. Hiraishi, “Therapeutic efficacy of an elemental diet
for patients with Crohn's disease and its association with
amino acid metabolism,” Saudi Journal of Gastroenterology,
vol. 23, no. 1, pp. 20-27, 2017.

X. Bao, Z. Feng, J. Yao, T. Li, and Y. Yin, “Roles of dietary
amino acids and their metabolites in pathogenesis of inflam-
matory bowel disease,” Mediators of Inflammation, vol. 2017,
Article ID 6869259, 9 pages, 2017.

H. Zhang, C.-A. A. Hu, J. Kovacs-Nolan, and Y. Mine, “Bioac-
tive dietary peptides and amino acids in inflammatory bowel
disease,” Amino Acids, vol. 47, no. 10, pp. 2127-2141, 2015.

M. Faure, C. Mettraux, D. Moennoz et al., “Specific amino
acids increase mucin synthesis and microbiota in dextran sul-
fate sodium-treated rats,” The Journal of Nutrition, vol. 136,
no. 6, pp. 1558-1564, 2006.

R.J. Xavier and D. K. Podolsky, “Unravelling the pathogenesis
of inflammatory bowel disease,” Nature, vol. 448, no. 7152,
pp. 427-434, 2007.

I. Ordés, L. Eckmann, M. Talamini, D. C. Baumgart, and W. J.
Sandborn, “Ulcerative colitis,” The Lancet, vol. 380, no. 9853,
pp. 1606-1619, 2012.

D. C. Baumgart and W. J. Sandborn, “Crohn's disease,” The
Lancet, vol. 380, no. 9853, pp. 1590-1605, 2012.

D. Corridoni, K. O. Arseneau, and F. Cominelli, “Inflamma-
tory bowel disease,” Immunology Letters, vol. 161, no. 2,
pp. 231-235, 2014.

M. C. Arrieta, K. Madsen, J. Doyle, and J. Meddings, “Reduc-
ing small intestinal permeability attenuates colitis in the IL10
gene-deficient mouse,” Gut, vol. 58, no. 1, pp. 41-48, 2008.
Q. Li, Q. Zhang, C. Wang, X. Liu, N. Lij, and J. Li, “Disruption
of tight junctions during polymicrobial sepsis in vivo,” The
Journal of Pathology, vol. 218, no. 2, pp. 210-221, 2009.

R. Al-Sadi, M. Boivin, and T. Ma, “Mechanism of cytokine
modulation of epithelial tight junction barrier,” Frontiers in
Bioscience, vol. 14, pp. 2765-2778, 2009.

T. Suzuki, “Regulation of intestinal epithelial permeability by
tight junctions,” Cellular and Molecular Life Sciences, vol. 70,
no. 4, pp. 631-659, 2013.

J. R. Turner, “Intestinal mucosal barrier function in health and
disease,” Immunology, vol. 9, no. 11, pp. 799-809, 2009.



	Elemental Diet Enriched with Amino Acids Alleviates Mucosal Inflammatory Response and Prevents Colonic Epithelial Barrier Dysfunction in Mice with DSS-Induced Chronic Colitis
	1. Introduction
	2. Materials and Methods
	2.1. Mice and Disease Model
	2.2. Hematoxylin-Eosin (H&E) Staining
	2.3. Isolation of Cells
	2.4. Reagents and Flow Cytometric Analysis
	2.5. Quantitative Real-Time PCR
	2.6. Immunofluorescence
	2.7. Cytokines Analysis
	2.8. Statistical Analysis

	3. Results
	3.1. An Elemental Diet Enriched in Amino Acids Ameliorates DSS-Induced Chronic Colitis
	3.2. An Elemental Diet Enriched in Amino Acids Suppresses Proinflammatory Cytokines in the Colon
	3.3. An Elemental Diet Enriched in Amino Acids Affects the Accumulation of Intestinal Lamina Propria Dendritic Cells in Chronic Colitis Mice
	3.4. An Elemental Diet Enriched in Amino Acids Inhibits the Predominant Th1/Th17 Responses in the Colon of Colitis-Bearing Mice
	3.5. An Elemental Diet Enriched in Amino Acids Prevents Colonic Epithelial Barrier Dysfunction Induced by DSS, Maintaining the Expression of Tight Junction Proteins

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

